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Attempts to evaluate the economic impact of possible increases the soil in both is a relatively uniform Martinton silt loam, which is in sulfur dioxide (SO 2 ) emissions have been hampered by a lack of characterized by a high organic matter content, slightly acid pH, data relating specific air pollution levels to yield reductions at and high water-holding capacity (26). Neither field was fertilized in harvest in agricultural crops. For example, soybeans are a major the year it was studied, but each had been fertilized with nitrogen in crop throughout the world, and are known to be quite sensitive to the previous year. SO 2 pollution (1), but there are no published data relating
The summer of 1977 had near-normal temperatures and total reductions in soybean yield to atmospheric SO 2 levels. Davis (7) precipitation 45% greater than normal for the Chicago area. Most developed a quantitative relationship between leaf damage and of the excess rainfall occurred in August. There were no prolonged yield reductions by exposing plants to brief, severe fumigations, but droughts, and the plants were rarely observed to be under did not indicate the levels of SO 2 required to produce specific significant water stress. In the spring of 1978 a long wet period amounts of damage. Jones et al (11) found that even when visible which delayed planting was followed by a dry period which slowed injury did occur there was no yield reduction when the injury early plant development. The summer, however, was relatively occurred in the early stages of crop development. Heagle et al (9) normal, with temperatures 0.7 C below the average and rainfall found neither increased visible injury nor yield reductions in fieldhigher than usual in July and lower than usual in August. During grown soybeans after 133 six-hour fumigations at 0.1 ppm SO 2 .
the fumigation period there were no periods of significant water None of these studies showed what levels of SO 2 were required to stress. cause yield reductions, or what yield reductions could be expected Ambient SO 2 concentrations were monitored during all at given levels of SO 2 pollution in chronically impacted areas.
fumigations and typically ranged from 0.005 to 0.015 ppm. The In the present study, an open-air fumigation system similar to the study field is not near any maj or SO 2 sources and there is no reason Zonal Air Pollution System developed by Lee et al (14) was used to to believe that significantly higher levels ever occurred in the regularly expose field-grown soybeans to elevated levels of SO 2 unfumigated plots. during two growing seasons. This fumigation system, which is
The fumigation system. The open-air fumigation systems used in described in detail elsewhere in this journal (20), permits this study consisted of pipes suspended 15-30 cm above the crop fumigation of crops under agricultural conditions with minimal canopy, from which SO 2 diluted with ambient air was released at a alteration of the normal crop environment and also mimics the controlled rate during the fumigations (Fig. 1) . In 1977, three plots variability in SO 2 levels normally found in polluted areas. An were fumigated, with achieved arithmetic mean concentrations of earlier paper (21) discussed the changes in photosynthetic rates 0.12,0.30, and 0.79 ppm and standard deviations ranging from 41% observed during the fumigation episodes. This paper will consider to 64% of the mean (20). A fourth plot was set up with a pipe the effects of the various SO 2 levels on the quantity and quality of network, but with no SO 2 release as an ambient control, to see if the soybeans harvested from the treated plots, pipes themselves or their installation influenced crop yield. Fumigations were begun on 13 July and continued until 29 August.
MATERIALS AND METHODS
The plots were fumigated 24 times during this period, for an average of 4.7 hr per fumigation. other stresses such as hail and insect defoliation (8). The fumigation system and the 502 levels delivered are described in greater detail content. Subsamples of the harvested beans were analyzed for oil elsewhere (20) . and protein content by the University of Illinois Department of Sampling design. In 1977 four yield subplots, each four rows Agronomy (Champaign) and for the elemental content by the Soil wide and 6.1 m long, were established near the center of each and Plant Analysis Laboratory (Madison). In 1977, the chaff fumigation plot (Fig. 1) . Preliminary monitoring showed that SO 2 (defined here as all parts of the dried plant except the seeds) also levels near the distribution pipes were considerably more variable was collected at harvest time, oven-dried, and weighed. and often much higher than elsewhere in the fumigation plot, so the In addition to the row harvest, eight individual plants (10 in 1977) yield plots were centered between the pipes and crop rows directly were randomly selected from each fumigated or control subplot at under or adjacent to the pipes were excluded, harvest and separated into stems, pods, and seeds, which were Because the fumigated plots were spaced fairly far apart in the oven-dried and weighed. In statistical analyses of these data, each field (50 m), it was thought that there might be significant soil individual plant was treated as a sample. differences among the different fumigation plots. To account for
The fumigated plot designated as Medium-l in 1978 served as the this, two control subplots were established 10-15 m west of each control for an experiment on the interaction of SO 2 fumigation and fumigated plot in 1977. To avoid fumigating these controls, acid rainfall (P. M. Irving, 'unpublished) . For this reason some of fumigations were not applied when the wind was from the east.
the sampling procedures used elsewhere were not carried out in this In 1978, four control subplots were designated for each plot and data from it are not included in some of the tables. fumigation plot, and they were located "3m south of the fumigated plots, somewhat closer than the 1977 plots. Fumigations were RESULTS performed only when the wind was from the south, southeast, or southwest, and the two northernmost release pipes were Soils. Analysis of data from the soil samples confirmed that there eliminated. The fumigated yield subplots were located the same as were significant soil differences between the fumigated plots in both before relative to the remaining pipes. (Fig. 1) .
years, particularly in organic matter content and exchangeable A soil sample composed of five plow-layer cores was taken from cations (Table 1) . In a few cases there were also significant soil each fumigated and control yield subplot and analyzed for soil pH, differences between fumigated plots and their respective controls. organic matter, available P and K, exchangeable Ca and Mg, and Generally, however, these were much smaller than the differences sulfate S by the Soil and Plant Analysis Laboratory of the among the fumigated plots and exhibited no particular pattern; University of Wisconsin in Madison (15).
many differences appear to be due to random sampling variation. Plants in all of the treated and control plots were examined at Since levels of the major nutrients in all plots were within the least once a week during the treatment period for evidence of optimum ranges for soybean cultivation (25), it seems unlikely that chlorosis, necrosis, or other visible injury due to the SO 2 treatment. the nutrient differences had any substantial effect on yield The percent necrotic leaf tissue reported here was estimated differences between fumigated and unfumigated plots. approximately 2 wk before normal plant senescence.
Seed yield. Statistically significant differences in yield were In both years the yield subplots were harvested by rows in late detected among the unfumigated control subplots in both years, September. In all subsequent statistical analyses each row was which made it inappropriate to compare the various fumigation considered as a sample. Subsamples of the beans from each row plots with each other directly (Table 2) . However, the yield in the were oven-dried at 70 C to constant weight to determine moisture 1977 plot with distribution pipes but no SO 2 release ("ambientfumigated" in Table 2 ) was the same as that in the adjacent pipeless "ambient-control" plot, so the presence of the pipes and the ( Table 2 ). This occured even though visible injury was observed indicating that the S0 2 fumigation has more effect on the only in the 1977 high plot (mean SO 2 concentration = 0.79 ppm), economically important seed yield than on the less important where most of the plants exhibited extensive chlorosis and some vegetative tissues. Data from the individually harvested plants necrosis (2-5% of leaf area), and in the 1978 high plot (K = 0.36 indicated that both pod weight and stem weight were reduced, ppm), where some of the plants were slightly to moderately although as with the seed parameters only the 1977 high plot chlorotic.
-_--------------------------------_----
exhibited statistically significant differences. The sampling of individual plants at harvest time was designed to Seed quality. In both 1977 and 1978 seed quality was affected provide more detailed information on the cause of the yield much less by the fumigation treatment than was seed yield (Table  reductions . However, statistically significant changes in most 4). In both years protein content was reduced slightly at the highest parameters were seen only in the 1977 high plot, where tissue SO 2 concentration, while oil content was unchanged. (The damage was extensive and yield was reduced 45%. In this plot the apparent increase in oil content in the 1977 medium plot seems to number of filled seeds per plant was reduced by 19%, and the mean have been a sampling anomaly; beans from the fumigated plots weight per filled seed was reduced 20% (Table 3 ). The number of were in the same range as those from all the other plots, but the oil pods was reduced 15%, and while the number of ovules per pod content of beans from the medium-S02 control plot was remained constant at 2.75, a higher fraction of the ovules remained exceptionally low.) unfilled, so the number of filled seeds per pod decreased slightly.
Concentrations of the major fertilizer elements (N, P, and K) in Substantial changes in yield parameters may also have occurred the beans were not affected by the fumigation treatment. Total on the other fumigated plots, but if so, high variability among the sulfur content of the beans increased in most of the fumigated plots, sampled plants precluded their detection at a statistically although the increase was statistically significant only in the significant level. Mean weight per seed was the only parameter medium and high plots in 1977 and in one of the low plots in 1978. which exhibited a fairly constant pattern; it was lower in all of the Increases in sulfur content of the beans were much smaller than fumigated plots, with statistically significant reductions in all but increases in sulfur content in leaves of the exposed plants (authors', one of the plots fumigated in 1978 and in the 1977 low and medium unpublished) indicating that little of the extra sulfur incorporated SO 2 plots (Table 3 ). The numbers of pods and seeds per plant were into fumigated leaves from the air is translocated to the seeds. lower in all of the more heavily fumigated plots, but the differences Magnesium and boron concentrations were down 5 -10% in the were statistically significant only in the 1977 high-SO2 plot. medium and high plots in both years, while zinc concentrations Harvest ratios. In 1977, when chaff was collected at harvest time, increased by about the same fraction in the high plots in both years. its weight was also reduced in the medium and high plots, but the Copper, manganese, and calcium concentrations all increased in reductions were smaller than those for bean yield (Table 3) . As a the high plot in 1977, but showed no consistent pattern elsewhere. result, the "harvest ratio" (the ratio of seed weight to chaff weight)
None of the other macro-or micronutrient elements exhibited a was also reduced significantly in the high and medium plots, consistent pattern of change under the fumigation treatment. 
DISCUSSION
all the plots were fumigated for the same length of time and total Quantitative prediction of yield reductions. Generally speaking, fumigation time did not differ greatly between 1977 and 1978. the amount of yield reduction by a series of air pollution episodes is Thus, it is not surprising that mean concentration during determined by both the pollutant concentration and the duration of fumigation was also a good predictor of yield reduction for this the exposures (modified, of course by environmental conditions, data set. The best prediction equation was stage of crop development, cultivar sensitivity, etc.). For this y = 100.e-0.71 x (r 2 = 0.933)
reason, time and concentration often are multiplied to give an in which y is as above and x is mean concentration in parts per estimate of "dose." Where high concentrations are reached, this million (Fig. 3) . No polynomial relationship was significantly estimate of "dose" is not adequate to predict yield reduction, since better than this exponential relationship. short exposures (1-2 hr) to very high pollution levels (>2 ppm) may
Comparison with previous studies and general discussion. The cause tissue necrosis or other permanent injury which might not results of this study differ in several ways from previous studies of occur if the same dose were administered over a longer period of the effect of SO 2 on soybeans and other crop plants. Heagle et al (9) time. However, at pollution levels where visible injury does not found no yield reductions in cultivar Dare soybeans after 133 occur, dose may be a useful predictor of yield reduction. Further six-hour fumigations at 0.10 ppm, in contrast to 5-12% yield studies of this question, including exposure of field-grown plants to reductions in our low plots after 18-24 four-to five-hour a single concentration of SO 2 for varying lengths of time, are being fumigations at concentrations averaging 0.09-0.12 ppm. It is conducted.
difficult to compare the two studies, since in addition to the For combined 1977 and 1978 data, the second-order polynomial difference in soybean cultivar, we used an open-air system while which best expressed the relationship between yield and SO 2 dose they used closed field chambers which may have modified the was microenvironment of the treated plants and affected their y = 100 -0.803 x + 0.0034 x 2 (r 2 = 0.948) susceptibility to the pollutant. It is also possible that the yield in which y is the yield (expressed as percent of the control) and x is reductions in our study resulted from the occasional high peaks (up dose in ppm-hr. However, the exponential equation to 0.8 ppm for one 2-min sample in 1977) rather than from the lower y = 100.e-0-0072 x (r2= 0.934) general mean. Such peaks are found in air pollution episodes, particularly near point sources but do not normally occur in gave nearly as good a fit to the data and is much more realistic chamber studies where the SO 2 concentration is closely controlled. mechanistically (Fig. 2) . For this set of data, dose was closely A third possibility is that synergistic interactions with ozone (03) related to mean concentration during fumigation since in each year may have increased the effects of SO 2 in our study. Ozone levels in 9.6(9.4) 10.0(9.3) 12.5 (9.6)** 11.1(12.2) 9.5(10.7) 10.9(11.6) 11.7(11.8)
Zinc ( the study field were monitored during the first part of the 1977 field
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